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Transient receptor potential melastatin-2 (TRPM2) is a thermosensitive, Ca2⁺-permeable 
nonselective cation channel.  Distribution of TRPM2 and its co-expression with TRPV1 and 
calcitonin gene-related peptide (CGRP) were examined in the trigeminal ganglion (TG) and its 
periphery to know function of TRPM2 in oro-facial tissues. 
Material and methods 
Double immunofluorescence method for TRPM2 with TRPV1 or CGRP was performed in the 
rat TG.  Combination of retrograde tracing method and immunohistochemistry was also used to 
know expression of TRPM2 in TG neurons innervating the facial skin and tooth pulp.  In addition, 
the effect of infraorbital nerve transection and complete Freund’s adjuvant application into the 
facial skin was investigated by quantitative real-time reverse transcription-polymerase chain 
reaction analysis. 
Results 
TRPM2-immunoreactivity was expressed by 33.5% in the TG.  Small to medium-sized 
neurons in the TG contained TRPM2-immunoreactivity.  Half of TRPM2-immunoreactive TG 
neurons were also immunoreactive for TRPV1 (47.8%) or CGRP (53.4%).  TRPM2 expression 
was common in cutaneous TG neurons (34.1%) but not in pulpal TG neurons (15.7%).  
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Distribution of TRPM2-immunoreactivity was barely affected by ION transection and CFA 
application into the facial skin.  Expression of TRPM2 mRNA in the TG was elevated after ION 
injury (60% increase), but not CFA application.  
Conclusions 
The present study demonstrated expression of TRPM2 in TG neurons innervating peripheral 
tissues.  These findings suggest that TRPM2 have function about nociceptive transmission from 
oral and facial structures.  This channel may also respond to the nerve injury as an oxidative stress 




























Transient receptor potential melastatin-2 (TRPM2) is a thermosensitive, Ca2⁺-permeable 
nonselective cation channel.  This ion channel is widely distributed in the brain, spleen, heart, 
liver, lung and immune cells, and can act as a metabolic and oxidative stress sensor (Knowles, Li, & 
Perraud,2013).  In the spinal nervous system, TRPM2 is known to be associated with the 
pathogenesis of neuropathic and inflammatory pain (Hung & Tan, 2018; So et al., 2015).  In 
TRPM2-knockout mice, acetic acid-induced nociceptive behavior was suppressed.  And, TRPM2 
deficiency also decreased paclitaxel-induced mechanical allodynia (So et al., 2015).  TRPM2 is 
thought to contribute to transduction of nociceptive information in the spinal nervous system of 
these animal models.  In the trigeminal nervous system, TRPM2 is also suggested to affect 
expression of inflammation-related cytokines.  TRPM2 can regulate synthesis of interleukin 6 and 
chemokine in sensory neurons of the trigeminal ganglion (TG) (Chung et al., 2015).  Therefore, I 
have a hypothesis that TRPM2 has a function to transduce nociception in TG neurons with 
peripheral injury.  However, little is known about distribution of TRPM2 and effect of 
inflammation and nerve injury on its expression in the TG. 
The transient receptor potential cation channel subfamily V member 1 (TRPV1) is a heat 
sensor > 43oC, and also respond to protons and vanilloid compounds (Caterina et al., 1997).  
TRPV1 is expressed by small to medium-sized sensory neurons in the TG (Guo et al., 1999; 
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Ichikawa & Sugimoto 2001; Hironaka et al., 2014; Sato et al., 2018; Yajima et al., 2019).  Previous 
studies have demonstrated that TG neurons innervating the facial skin and tooth pulp contain 
TRPV1 (Ichikawa & Sugimoto 2001; Shimada et al., 2016; Yajima et al., 2019).  TRPV1-positive 
TG neurons are abundant in the facial skin and infrequent in the tooth pulp.  The content of 
nociceptive sensors appears to be different among oro-facial structures.  Recently, TRPV1 and 
TRPM2 have been shown to have co-operative function in the brain.  In hippocampal neurons of 
ischemia-induced animals, apoptosis, calcium entry and oxidative stress are decreased by regulation 
of TRPV1 and TRPM2 activation (Akpınar et al., 2016).  On the other hand, TRPV1 is co-
expressed by TG neurons containing calcitonin gene-related peptide (CGRP), a marker for small 
and medium-sized nociceptors (Kim et al., 2018; Sato et al., 2018; Silverman & Kruger 1989; 
Yajima et al., 2019).  CGRP is known to mediate neurogenic inflammation in the trigeminal 
system (Cady et al., 2011).  However, relationship of TRPM2 with TRPV1 and CGRP has not 
been reported in the trigeminal sensory systems. 
In this study, distribution of TRPM2 and its relationship to TRPV1 and CGRP were examined 
in the TG by a double immunofluorescence method.  Expression of TRPM2 was also investigated 
in TG neurons which innervate the facial skin and tooth pulp.  In addition, transection of 
infraorbital nerve (ION) or application of complete Freund's adjuvant (CFA) to the facial skin were 
performed to know an effect on the nerve injury and inflammation on TRPM2 expression in the TG 
by immunohistochemistry and quantitative real-time reverse transcription-polymerase chain 
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reaction (qPCR).  This study may facilitate understanding contributions of TRPM2 on sensory 
transduction in oro-facial regions with peripheral injuries.  
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2.  Materials and Methods 
 
2.1. Animals 
To know distribution of TRPM2 and its co-expression with TRPV1 or CGRP, the left TGs 
were obtained from 4 male Wistar rats (180-250 g).  Rats were deeply anesthetized by isoflurane 
to the level at which respiration was markedly suppressed and perfused through the left ventricle 
with 50 ml saline and 500 ml Zamboni fixative (Stefanini, De Martino & Zamboni, 1967).  These 
ganglia were removed and immersed in the same fixative.  Then, the materials were immersed in 
20% sucrose-containing phosphate-buffered saline until sunken, sectioned at 8 µm with a cryostat 
(Hyrax C25, Thermo Fisher Scientific, USA).   
 
2.2. Tracer application 
For demonstration of TRPM2-positive sensory neurons innervating peripheral tissues, 8 
animals were used.  One µl of 1% fluorogold (FG, Fluorochrome, USA) dissolved with distilled 
water was injected into the infraorbital skin and tooth pulp under deep anesthesia by intraperitoneal 
injection with a mixture of medetomidine (0.15 mg/kg), midazolam (2.0 mg/kg) and butorphanol 
(2.5 mg/kg).  At 3 days after FG injection, the animals were reanesthetized with isoflurane, and 




2.3. Peripheral injury  
Transection of the unilateral ION was performed on 8 animals under deep anesthesia by 
intraperitoneal injection with a mixture of medetomidine (0.15 mg/kg), midazolam (2.0 mg/kg) and 
butorphanol (2.5 mg/kg).  The left nerves were exposed through incision of the skin and 
subcutaneous layer, and transected using microscissors with the transected proximal stump ligated 
using 4-0 silk (Natsume Seisakusho Co., Ltd, Japan) to inhibit spontaneous reconnection and 
regeneration.  Control group comprised sham-operated animals (n = 8) in which the left nerves 
were exposed without nerve injury.  In addition, 100 µl of CFA solution (Sigma-Aldrich, USA) or 
saline was injected into the infraorbital skin on the left side in 16 animals.  At 7 days after ION 
transection or CFA application, the rats were deeply anesthetized and, perfused with Zamboni 
fixative or decapitated without fixation for qPCR (n = 4 at each group).  
 
2.4. Immunohistochemistry 
Sections were reacted overnight at room temperature with a cocktail of TRPM2 antiserum 
and antiserum against TRPV1 or CGRP (Table 1).  They were further reacted with a cocktail of 
appropriate secondary antibodies (Table 1).  Then, the sections were observed with conventional 
fluorescence microscopy (ECLIPSE 80i, Nikon, Japan) or confocal laser scanning microscopy 




2.5. Morphometric analysis 
To analyze the distribution and morphology of sensory neurons showing immunofluorescence 
and FG fluorescence, optic images of the ganglia were obtained with a digital camera (Nikon).  
For proportion and cell size of TRPM2-, TRPV1- and CGRP-positive TG neurons, 3 sections of the 
ganglion were randomly selected in each of 4 animals and the average proportion of those neurons 
was obtained for each sample.  All FG-labeled sensory neurons were analyzed in every tenth 
section of the TG to demonstrate expression of TRPM2 among sensory neurons innervating the 
facial skin and tooth pulp.  The area of cell bodies of TG neurons with the distinct nuclei was 
measured (Lumina Vison software, Mitani Corporation, Japan).  
For the specificity of rabbit TRPM2 antiserum, the antiserum was absorbed with the protein 
(20 µg/ml, Alomone Labs, Israel) and applied to sections of the TG.  The fluorescence was 
abolished in the control.  The specificity of antibodies against TRPV1 and CGRP has been also 
described previously (Atsumi et al., 2020; Sato et al., 2015; Yajima et al., 2019).  
 
2.6. Quantitative real-time PCR (qPCR) analysis 
The expression of TRPM2 mRNA in the TG of different treated rats (n = 4 at each group) was 
quantified by qPCR.  After decapitation of animals, left TG was dissected and stored in RNA 
protect Tissue Reagent (Qiagen, Germany) at 4oC for overnight.  RNeasy Lipid Tissue Mini Kit 
(Qiagen) was used for RNA extraction.  The cDNA was synthetized using a Transcriptor First 
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Strand cDNA Synthesis Kit (Roche, Switzerland) and stored at -80oC until use (Liu et al., 2020).  
GAPDH was used for normalization, and relative mRNA expression was calculated by the Pfaffl 
method (Pfaffl, 2001).  The TaqMan Gene Expression Assays were conducted for TRPM2 
Rn01429410_m1 and GAPDH Rn01775763_g1 (Applied biosystems; Thermo Fisher scientific).  
The results of qPCR analyses were presented as average fold change ± S.D.  
 
2.6. Statistical analysis 
Differences between animals with sham-operation and ION-transection, or saline- and 













3.  Results 
 
3.1. Expression of TRPM2 and its co-expression with TRPV1 and CGRP 
TRPM2-immunoreactivity was detected in sensory neurons within the TG.  The 
immunofluorescence was located throughout the cytoplasm of these neurons.  They were scattered 
throughout the ganglion.  One third of TG neurons were immunoreactive for TRPM2 (Table 2).  
Most of them had small (< 400 µm²) to medium-sized (400-800 µm²) cell bodies (Table 3).  The 
double immunofluorescence analysis also revealed co-expression of TRPM2 with TRPV1 or CGRP 
(Fig. 1).  In the TG, more than 30% of sensory neurons were immunoreactive for TRPV1 or CGRP 
(Table 2).  Similar to TRPM2-immunoreactive (IR) TG neurons, TRPV1- or CGRP-IR neurons 
were predominantly small to medium-sized (Fig. 1g, h).  And, half of TRPM2-IR neurons showed 
TRPV1- (mean ± S.D. = 47.8 ± 3.2%) or CGRP-immunoreactivity (53.4 ± 3.1%) in the TG.  
TRPM2-IR TG neurons with TRPV1- and CGRP-immunoreactivity mainly had small cell bodies in 
the TG (Table 3).  In the sensory ganglia, satellite cells and Schwann cells were also 
immunoreactive for TRPM2, but immuno-negative for TRPV1 or CGRP.  These cells occasionally 






3.2. TRPM2-positive TG neurons innervating the skin and tooth pulp 
Many cell bodies of sensory neurons in the maxillary division of the TG were labeled with FG 
from the infraorbital skin or upper molar tooth pulp (Fig. 2a, d).  The cell body size of cutaneous 
neurons was smaller than that of tooth pulp neurons (Fig. 2g, h).  Combination of a retrograde 
tracing method and immunohistochemistry showed that cutaneous and pulpal TG neurons contained 
TRPM2-immunoreactivity (Fig. 2).  TRPM2 expression among cutaneous TG neurons was more 
numerous among pulpal TG neurons (Table 4).  On the other hand, TRPV1- and CGRP-IR TG 
neurons innervating the facial skin mainly had small to medium-sized cell bodies.  Pulpal TG 
neurons with TRPV1-immunoreactivity were small to medium-sized, whereas those with CGRP-
immunoreactivity had medium-sized to large cell bodies (Table 5).  And, subpopulations of TRPM2-
IR TG neurons innervating the skin and tooth pulp were also immunoreactive for TRPV1 (skin, 
50.0%; tooth pulp, 69.6%) and CGRP (skin, 49.6%; tooth pulp, 79.3%).  By the cell size analysis, 
expression of TRPM2 and its co-expression with TRPV1 were predominantly detected in cutaneous 
and pulpal TG neurons with small to medium-sized cell bodies (skin, 98.2%; tooth pulp, 94.9%).  
Most of cutaneous TG neurons co-expressing TRPM2 and CGRP also had small to medium-sized 
cell bodies (96.5%).  Sensory neurons containing TRPV1 or CGRP alone were abundant in the facial 
skin and tooth pulp, respectively. 
Expression of TRPM2 and its co-expression with CGRP was statistically significant between 
the facial skin and tooth pulp (Welch’s t-test, p < 0.05).  
13 
 
3.3 Effect of ION transection and CFA application on TRPM2 expression  
By immunohistochemistry, TRPM2 expression in the TG was barely affected by the ION 
transection or CFA application (Fig. 3).  There was no significant difference on proportion of 
TRPM2-IR TG neurons in animals with the nerve injury (36.9 ± 3.0%), sham operation (30.6 ± 5.7%), 
and CFA (33.7 ± 4.3%) and saline (29.5 ± 4.5%) application (Figs. 3, 4).  In addition, TRPM2-IR 
satellite cells and Schwann cells showed similar distributions in the TG of these animals.  By qPCR 
analysis, however, transection of the ION changed expression of TRPM2 mRNA in the ipsilateral TG.  
TRPM2 mRNA expression was elevated by the nerve injury compared to the sham operation.  A 
60% increase was detected in the injured TG (Fig. 4).  Expression of TRPM2 mRNA was similar in 






4.  Discussion 
 
In this study, many sensory neurons with small to medium-sized cell bodies contained 
TRPM2-iunmunoreactivity in the TG.  By a double immunofluorescence method, half of TRPM2-
containing TG neurons also had TRPV1 and CGRP.  TRPV1- and CGRP-containing neurons in the 
sensory ganglion are mainly unmyelinated (Valtschanoff et al., 2001; Silverman & Kruger, 1987; 
Sugimoto et al., 1997).  In this study, a triple immunofluoresence method for TRPM2, TRPV1 and 
CGRP was not performed.  It remains unclear whether TRPM2-containing TG neurons have both 
TRPV1 and CGRP or not.  However, at least half of TRPM2-containing neurons probably have 
unmyelinated, respond to heat > 43oC, vanilloid compounds and proton, and use CGRP as a 
nociceptive transmitter or modulator. 
The facial skin has nociceptors and low-threshold mechanoreceptors in the TG.  However, 
the tooth pulp is exclusively innervated by nociceptors in the TG.  By the present retrograde 
tracing and immunohistochemical analysis, however, TRPM2 was common in TG neurons 
innervating the facial skin but not in those innervating the tooth pulp.  And, expression of TRPM2 
among cutaneous nociceptors is likely to be much more than among pulpal nociceptors.  I also 
demonstrated that cutaneous sensory neurons were smaller than pulpal sensory neurons in the TG.  
Therefore, expression of TRPM2 is likely to be correlated to the cell size of TG neurons and the 
variety of their receptive fields.  Activation of TRPM2 and TRPV1 are known to contribute to 
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inflammatory and neuropathic nociception (Hung & Tan, 2018; So et al., 2015).  CGRP can act as 
a neurotransmitter or modulator for nociception in acute and chronic inflammatory conditions.  
Thus, abundance of TRPM2 and its co-expression with TRPV1 and CGRP in the facial skin suggest 
that TRPM2 may play an important role in pathological noxious transmission from the facial skin.   
 
 
By the present qPCR and immunohistochemical analysis, the treatment of CFA has little or no 
effect on expression of TRPM2 mRNA or TRPM2 protein in the TG.  In the TG, suppression of 
TRPM2 attenuates induced up-regulation of interleukin 6 and chemokine (Chung et al., 2015).  
Peripheral inflammation probably induces activation of TRPM2 but not its mRNA or protein level 
in the trigeminal nervous system.  CGRP is also known as a mediator of neurogenic inflammation 
in the trigeminal sensory system (Cady et al., 2011).  CGRP can induce vasodilation and plasma 
extravasation through TRPV1 activation.  Similar to CGRP and TRPV1, TRPM2 may be 
associated with neurogenic inflammation.  By sensing oxidative stress, TRPM2 activation in TG 
neurons may be associated with neurogenic inflammation in the periphery.  
In the present study, the nerve injury caused an increase for TRPM2 mRNA in the ipsilateral 
TG.  TRPM2-imunreactivity was located to sensory neurons, satellite cells and Schwann cells in 
the TG of intact animals and animals with sham-operation and ION-transection.  And, the 
distribution of TRPM2-immunoreactivity was similar in the sham-operated and ION-transected 
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TGs.  Thus, it remains unclear which types of cell components showed increase of TRPM2 mRNA 
in the TG after ION transection.  The increase of TRPM2 mRNA may be not so high to detect 
change of the protein level by the present immunohistochemical method.  TRPM2 has been shown 
to have a neuroprotective function in the brain by responding to oxidative stress.  On the other 
hand, oxidative stress is considered to occur in the axotomized nerve.  Axotomy of the spinal 
nerve increases lipid peroxidation and decreases antioxidant enzyme activities in the tissue.  
Increase of TRPM2 mRNA may suggest that the oxidative stress sensor has a neuroprotective effect 
on injured sensory neurons in the TG.  On the other hand, TRPV1 has been suggested to 
responsible to neuropathic pain in the animal model.  This channel contributes the behavioral heat 
hypersensitivity after the spinal nerve ligation.  In this study, I have demonstrated that TRPM2 and 
TRPV1 are co-expressed by many sensory neurons in the TG.  However, it remains unclear 
whether increase of TRPM2 mRNA in the TG is associated with neuropathic pain or not.  Further 
studies will be necessary to know the function of TRPM2 and its functional relationship with 














5.  Conclusions 
 
The present study described expression of TRPM2 in the rat TG.  Small to medium-sized 
neurons in the TG contained TRPM2-immunoreactivity.  Subpopulations of TRPM2-IR TG 
neurons were also immunoreactive for TRPV1 or CGRP.  TRPM2 expression was common in 
cutaneous TG neurons but not in pulpal TG neurons.  Distribution of TRPM2-immunoreactivity 
was barely affected by ION transection and CFA application into the facial skin.  Expression of 
TRPM2 mRNA in the TG increased after ION injury but not CFA application. These findings 
suggest that TRPM2 have function about nociceptive transmission from oral and facial structures.  
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TRPM2 Rabbit Alomone Labs, Israel ACC-043 1:300 
TRPV1 Goat R&D systems Inc., USA AF3066 1:200 
Secondary antibody     
Fluorescein isothiocyanate-
conjugated  



























Table 2: Proportion of sensory neurons which contain TRPM2, TRPV1 and CGRP in the TG. 
 
   Proportion mean ± S.D. (%) 
TRPM2 33.5 ± 2.1 
TRPV1 35.6 ± 2.4 
CGRP 31.4 ± 7.5 
TRPM2 & TRPV1 16.8 ± 1.6 
TRPM2 & CGRP 17.1 ± 1.3 









Mean ± S.D. (µm²) Small (%) Medium (%) Large (%) 
All TG neurons 623.5 ± 371.5  34.6 38.9 26.4 
TRPM2 478.6 ± 247.8  46.3 43.3 10.4 
TRPV1 450.9 ± 191.6  43.2 51.3 5.5 
CGRP 466.9 ± 264.9  53.9 35.1 11.0 
TRPM2 & TRPV1 432.9 ± 184.5  46.9 48.4 4.7 
TRPM2 & CGRP 432.6 ± 184.5  56.4 37.4 6.2 





Table 4: Expression of TRPM2 and other substances among TG neurons which innervate the facial 
skin and tooth pulp. 
 
 Facial skin (%) Tooth pulp (%) 
TRPM2 34.1 ± 1.6 15.7 ± 4.1 
TRPV1 32.3 ± 3.7 22.5 ± 9.2 
CGRP 26.8 ± 4.1 47.3 ± 7.6 
TRPM2 & TRPV1 17.7 ± 3.7 13.4 ± 8.8 
TRPM2 & CGRP 16.1 ± 3.4 9.6 ± 5.8 
The data were obtained from design of a specific tissue labeled per rat, with n = 4 rats for the external 







Expression of TRPM2 and other substances among small, medium-sized and large TG neurons which 
innervate the facial skin and tooth pulp. 
 
 
Facial skin  Tooth pulp  
 
Mean ± S.D. 
(µm²) 
Small Medium Large Mean ± S.D. 
(µm²) 
Small Medium Large 
All TG neurons 522.4 ± 321.1 40.6% 39.5% 19.9% 784.3 ± 369.6 18.8% 36.6% 44.7% 
TRPM2 420.6 ± 194.6 58.6% 37.1% 4.3% 516.8 ± 254.5 37.5% 50.0% 12.5% 
TRPV1 425.2 ± 166.7 50.2% 47.3% 2.5% 480.5 ± 212.5 35.8% 56.7% 7.5% 
CGRP 460.6 ± 246.5 48.1% 39.5% 12.4% 734.5 ± 310.1 17.7% 40.7% 41.6% 
The data were obtained from design of a specific tissue labeled per rat, with n = 4 rats for the facial 





Fig. 1 Microphotographs for TRPM2 (A, C, D, F), TRPV1 (B, C) and CGRP (E, F) in the TG.  
Panels A-C and D-F are from the same fields of the view, respectively.  Double 
immunofluorescence method demonstrates that some TRPM2-IR TG neurons (arrows in A, D) have 
TRPV1- (arrows in B, C) or CGRP-immunoreactivity (arrows in E, F).  Asterisks in A-F indicate 
TRPM2-IR TG neurons which are free of TRPM2-, TRPV1- and CGRP-immunoreactivity.  Bar = 
50 µm (A).  Panels A-F are at the same magnification.  Histograms showing cell size distribution 
of TRPM2-IR TG neurons with TRPV1- (G) or CGRP-immunoreactivity (H).  The data were 
analyzed from 4950 and 5425 TG neurons for TRPV1 and CGRP, respectively. 
 
Fig. 2 Microphotographs for FG (A, D), TRPM2 (B, E), TRPV1 (C), CGRP (F) in the TG.  
Panels A-C and D-F are from the same fields of view, respectively.  A TG neuron retrogradely 
labeled from the facial skin (arrow in A) contains both TRPM2- (arrow in B) and TRPV1-
immunoreacyivity (an arrow in C).  A TG neuron retrogradely labeled from the tooth pulp 
(arrowhead in D) contains CGRP- (arrowhead in F) but not TRPM2-immunoreactivity (arrowhead 
in E).  Bar = 50 µm (A).  Panels A-F are at the same magnification.  Histograms showing cell 
size distribution of TRPM2-IR neurons which innervate the facial skin (G) and tooth pulp (H).  





Fig. 3 Microphotographs for TRPM2 in the TG of animals with sham operation (A), ION 
transection (B), and saline (C) and CFA (D) treatments.  Asterisks show TG neurons which are 
free of TRPM2-immunoreactivity.  Bar = 50 µm (A).  All panels are at the same magnification. 
 
Fig. 4 Bar graphs showing expression of TRPM2 mRNA (A) and proportion of TRPM2-IR 
neurons (B) in the TG of animals with sham operation, ION transection, and saline and CFA 
treatments.  Expression of TRPM2 mRNA between sham operation and ION transection was 
statistically significant (p < 0.05 Welch’s t-test). 
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